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BACTERIAL COMMUNITY PROFILING OF THE EASTERN OYSTER
(CRASSOSTREA VIRGINICA): COMPARISON OF CULTURE-DEPENDENT
AND CULTURE-INDEPENDENT OUTCOMES
KENNETH J. LA VALLEY,1* STEVE JONES,1 MARTA GOMEZ-CHIARRI,2
JOSEPH DEALTERIS2 AND MICHAEL RICE2
1University of NewHampshire, 131Main Street, Durham, NH 03824; 2University of Rhode Island, Lower
College Road, Kingston, RI 02881
ABSTRACT Tissue-associated bacterial community proﬁles generated using a nested polymerase chain reaction–denaturing
gradient gel electrophoresis (DGGE) approach and culture-dependent and culture-independent isolation techniques were
compared. Oyster samples were collected from 2 harvest areas along the coast of Maine, in the United States. Proﬁles from both
isolation strategies were evaluated using Sorensen’s index of similarity and cluster analysis of gel banding patterns. Culture-
independent proﬁles were further evaluated using the Shannon diversity index. In general, the culture-dependent strategy resulted
in a greater number of bandswithin a proﬁle. BacterialDGGEproﬁles were found to be highly similar within an isolation strategy,
with a higher degree of unrelatedness between culture-dependent and -independent techniques. Cluster analysis identiﬁed bands
present in the culture-dependent strategy and not the total DNA technique, and vice versa. Signiﬁcant differences in community
proﬁles between oyster-associated and seawater were observed, indicating a diverse group of specialist bacterial species inhabit
and are able to proliferate within the oyster.
KEY WORDS: bacteria, denaturing gradient gel electrophoresis, culture-dependent, culture-independent, community pro-
ﬁling, oyster, Crassostrea virginica
INTRODUCTION
The bacterial communities within the Eastern Oyster (Cras-
sostrea virginica) have been characterized mainly from a public
health standpoint. Being ﬁlter feeders, oysters may accumulate
human pathogens to levels considerably greater than those in
the overlying water (Metcalf et al. 1979, Rippey et al. 1994,
Burkhardt & Calci 2000). Because the majority of oysters are
sold for the half-shell raw market, pathogens of interest have
focused on fecal contamination, enteric pathogens and viruses
from harvest areas, as well as Vibrio parahaemolyticus and V.
vulniﬁcus strains (Pujalte et al. 1999, Burkhardt & Calci 2000).
In addition, studies on the natural bacterial fauna of oysters
have been carried out (Olafsen et al. 1993, Brady et al. 1998,
Pujalte et al. 1999); however, these studies have focused on the
seasonal bacterial content of bivalves, or on selected genera.
Understanding the dynamics of microbial communities of the
oyster will provide insight into water pollution sources and
estuarine health, and may assist with the development of new
puriﬁcation strategies for shellﬁsh-borne human pathogens.
The development of molecular techniques based on poly-
merase chain reaction (PCR) have enabled researchers to
circumvent the limitations associated with culture-dependent
methods (i.e., general low culturability and a bias for species
suited to speciﬁc growthmedia, enrichments, and temperatures)
(Cottrell & Kirchman 2000, Nocker et al. 2004). It is estimated
that less than 1% of bacteria in nature are culturable using
currently available methods (Amann et al. 1995, Cottrell &
Kirchman 2000, Nocker et al. 2004). PCR-based methods have
produced a surge in bacterial community research from both
marine and terrestrial organisms and environments (Duarte
et al. 1998, Gelsomino et al. 1999, Simpson et al. 1999, Fandino
et al. 2001, Seibold et al. 2001, Kawai et al. 2002, Wakeﬁeld &
Gaffney 2002). In fact, molecular techniques now supplement
and in some cases replace classic culture-dependent techniques
(Friedrich et al. 2000, Simpson et al. 2000, Boon et al. 2002).
Denaturing gradient gel electrophoresis (DGGE), one such
method, provides a technique that allows relatively small DNA
fragments to be separated by single base pair differences (Miller
et al. 1999). This technique was originally used to detect point
mutations in DNA sequences (Cariello et al. 1991, Abrams &
Stanton 1992, Keohavong et al. 1993, Norman et al. 1994), but
its use was soon expanded to include quantifying the diversity
of microbial populations (Muyzer et al. 1993, Brinkhoff &
Muyzer 1997, Ovreas et al. 1997). Early distribution and abun-
dance studies used DGGE to analyze the sequence diversity
of natural microbial populations. This was accomplished by
developing PCR primers that would target speciﬁc variable
domains of the 16S ribosomal DNA (rDNA) fragments for a
particular microbial group or species. For example, speciﬁc
primers were developed for the identiﬁcation of ammonia
oxidizers (Kowalchuk et al. 1997), methane oxidizers (Henckel
et al. 1999), sulfur oxidizing Thiomicrospira spp. (Brinkhoff &
Muyzer 1997), and Desulfovibrio spp. using PCR primers
speciﬁc to [NiFe] hydrogenase gene sequences (Wawer &
Muyzer 1995), as well as for marine benthic Archaea in deepsea
sediments (Vetriani et al. 1999).
To our knowledge total bacterial community proﬁles of the
Eastern Oyster have not been quantiﬁed using culture-indepen-
dent DGGE methods, nor has a comparison of isolation
techniques been considered. The objective of this study is to
evaluate diversity and abundance of oyster-associated bacteria
using both culture-dependent and culture-independent isolation
techniques. DGGE will be used to visualize dominant ribotypes
as banding proﬁles. During DGGE analysis of populations, the
number and precise position of the bands in a gel lane give an
estimate of the number or relative abundance of dominant
ribotypes in a sample (Cottrell & Kirchman 2000). In general,*Corresponding author. E-mail: ken.lavalley@unh.edu.
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DGGE studies assess the diversity ofmicrobial organisms on the
basis of the number and patterns of bands alone. However,
PCR-based techniques do allow semiquantiﬁcation based on the
intensity of the band (McCartney 2002, Kirk et al. 2004). Studies
have used band intensity to characterize bacterial diversity in
soils (Dilly et al. 2004), fromwastewater treatment plants (Boon
et al. 2002), for grassland bacterial community structure
(McCaig et al. 2001), peat-forest soil (Ramirez-Saad et al.
2003), and coastal oligotrophic systems (Schauer et al. 2003).
For this study we will use band intensity as a relative indication
of diversity for the culture-independent proﬁles. Estimates of
abundance based on band intensity must be relative in nature
and carefully interpreted to recognize the potential for multiple
bands from a single species. This analysis will begin to describe
the bacterial community of the oyster and how these commu-
nities are affected by site of harvest and season.
MATERIALS AND METHODS
Sample Collection
Eastern Oyster (Crassostrea virginica) samples were collected
from Spinney Creek Shellﬁsh, Inc., a shellﬁsh depuration facility
in Eliot, ME. Oysters originated from 2 harvest areas that
represented different environmental conditions. The sources were
as follows: (1) Spinney Creek, ME, a man-made embayment
characterized by a mid temperature range and stable high salin-
ity, and (2) Bay Falls, ME, the northern most source, character-
ized by cold temperature and ﬂuctuating tidal mid salinity.
Upon arrival, samples were immediately processed to min-
imize changes in bacterial communities that may have occurred
during transport to the shellﬁsh processing facility. These
samples represented the environmental bacterial population
present from each locations harvest area. Samples were pro-
cessed as either individual oysters or composites. Composite
samples consisted of a blend of 12 individual oyster meats and
liquor, or approximately 200 g. This is considered a sufﬁcient
sample to reﬂect the harvested population, and reﬂects proce-
dures outlined in the U.S. Food and Drug Administration
Biological Analytical Manual (1998).
To compare the effect of culture-dependent bacterial iso-
lation techniques to direct DNA extraction, samples were
processed following 2 procedures. For each sample, tissue and
liquor were aseptically removed, homogenized, and either
immediately processed for DNA extraction or cultured in
Marine 2216 enrichment broth (Zobell 1941). In this way,
relative species abundance could be estimated from both total
DNA (tissue) and cultured DNA (colonies) sources. Marine
broth enrichments were incubated overnight at room temper-
ature and 5-mL aliquots were aseptically removed from boro-
silicate glass incubation tubes for DNA extraction. The
bacterial community proﬁle comparisons are described by
harvest area and bacterial genomic DNA source in Table 1.
To relate the environmental source water to oyster-
associated bacterial proﬁles, triplicate 2-L water samples were
harvested from the water column at the same position and time
that oyster samples were harvested. Water samples were ﬁltered
through 0.45-mm membrane ﬁltration paper transferred to
Marine 2216 broth and incubated overnight at room tempera-
ture. DNA was prepared from the water sample and compared
with the Bay Falls environmental samples.
Genomic DNA Extraction from Oysters and Bacterial Cultures
The Gentra Puregene DNA Puriﬁcation Kit (Gentra Sys-
tems, Minneapolis, MN) was used for all DNA extractions.
Oyster samples were homogenized using a stomacher bag. Five
milligrams of the blended tissue was added to cell lyses and
proteinase K solutions (20 mg/mL). Total DNA was extracted
using the Puregene system following the manufacturer’s
instructions, and the samples were stored at 4C.
The Puregene Gram-negative bacteria protocol was used to
prepare and extract DNA from overnight Marine 2216 broth
enrichments. Five milliliters of the overnight cell suspension
was added to a 15-mL centrifuge tube and was centrifuged at
1,000 g for 3 min to pellet cells. The remaining liquid was
decanted from the centrifuge tube, leaving the bacterial pellet.
Cell lyses and proteinase K solutions (20 mg/mL) were added to
the sample and incubated in a shaking waterbath at 37C for 5 h
or until the pellet had completely dissolved into solution. After
cell lysis, genomic DNA was extracted per manufacturer’s
recommendations.
Polymerase Chain Reaction and Denaturing Gradient Gel Electrophoresis
Nested PCR was used to amplify approximately 200 bp of
the third hypervariable region (V3) of the bacterial 16S rRNA
(Rohwer et al. 2001). PCR reactions were assembled, including
1 mM of the 27F (5#-AGAGTTTGATCMTGGCTCAG-3#)
bacterial-speciﬁc primer, 1 mM of the 1,492R (5#-TACGGCTA
CCTTGT-3#) universal primer, 1 U REDTaq (Sigma-Aldrich,
St. Louis, MO), 13 PCR buffer, 10 mM each deoxynucleotide
triphosphate (dNTP), approximately 1-mg sample DNA, incu-
bated for 5 min at 94C, and then for 15 cycles of 1 min at 94C,
1 min at 62C, 3 min at 72C, with a ﬁnal extension of 10 min at
72C (Rohwer et al. 2001). Then, usingmethods byMuyzer et al.
(1993) and Riemann et al. (1999), a 5-mL aliquot of this reaction
was transferred to a second PCR tube with 1 mM each of the
bacterial-speciﬁc 341F (5# CGCCCGCCGCGCGCG-
GCGGGCGGGGCGGGGGGCCGGGGGCCTACCG-
GAGGCAGC-3#) primer with a 40-bp GC-clamp (underlined),
1 mMof the 517R (5#-ATTACCGCGGCTGCTGG-3#) primer,
1U REDTaq, 13 buffer, and 10 mM each dNTP. This second
TABLE 1.

























Spinney Creek, ME X X
X X
X X
Bay Falls, ME X X
X X X
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reaction began with an initial denaturation at 94C for 5 min
followed by a thermal cycling program as follows: 1 min at
94C; 1 min at 65C, decreasing 1C every 2 cycles to a ﬁnal of
50C (Don et al. 1991, Riemann et al. 1999); 3-min primer
extension for 3minat72C. In total, 30 cycleswere runwithaﬁnal
extension of 7 min at 72C (Don et al. 1991).
After PCR, approximately 500 ng DNA of each sample was
loaded onto a 30–70%denaturing gradient gel. Gels were run for
5.5 h at 200 V and 60C (Riemann et al. 1999). After electro-
phoresis, gels were stained with 15 mL ethidium bromide in 250
mL 13 Tris acetate EDTA for 30min, then destained for 10min
in 13 TAE. Gel patterns were photographed with ultraviolet
transillumination (Riemann et al. 1999).
Analysis of DGGE Patterns and Statistical Analysis
The processing of the DGGE gels was done using the UVP
Laboratory Imaging and Analysis System (UVP Doc-It v4.0,
UVP, Upland, CA) software package. For this evaluation, we
considered DGGE gel banding proﬁles to be representative of
only the dominant ribotypes from within a sample and not a
complete picture of bacterial diversity. To address the selectivity
biases associated with enrichment broth cultures compared with
totalDNAextractions, comparisons between culture-independent
and culture-dependent proﬁles were made using Sorensen’s index
of similarity (Nakatsu et al. 2000). Sorensen’s similarity coefﬁcient
determines relatedness ofDGGEproﬁles based on the presence or
absence of each band between 2 lanes. Two bands were considered
common if they migrated the same distance on the gel.
Cluster analysis was performed on each gel with StatistiXL
v1.5 (Kalamunda, Western Australia). Cluster analysis was
performed using squared Euclidian distances of peak optical
band densities and Ward’s algorithm. The clustering algorithm
of Ward (1963), was used to calculate the dendrograms of each
DGGE gel. Cluster diagrams were not used to compare culture-
dependent and independent proﬁles, but were used to identify
common and absent bands from within each strategy.
The structural diversity of the microbial community was
examined for culture-independent proﬁles using the Shannon
index of general diversity H (Shannon 1948). H was calculated
on the basis of the bands on the gel tracks and their corre-
sponding relative abundance indicated by band intensity (Boon
et al. 2002). The greater the H index, the greater the relative
diversity of the bacterial community.
The distribution of the relative number of individuals among
different species was calculated by the Shannon equitability
index. This estimate of evenness assumes a value between 0 and
1, with 1 being complete evenness or all relative species densities
equal for a population (Boon et al. 2002).
Statistical differences between relative diversity coefﬁcients
for composite and individual culture-independent samples were
identiﬁed by analysis of variance (StatistiXL v1.5, StatistiXL,
Kalamunda, Western Australia). Speciﬁc differences were
identiﬁed using Tukey’s post hoc test.
RESULTS
The bacterial community proﬁles of the Eastern Oyster were
investigated through DGGE analysis of oysters harvested from
Bay Falls, ME, and Spinney Creek, ME, harvest areas. They
were compared for differences in community proﬁles and
diversity indices using both culture-dependent and -indepen-
dent methods. With the ﬁrst approach, bacterial DNA was
extracted from oyster tissue/liquor samples after an enrichment
step; the second approach involved bacterial DNA extraction
directly from oyster tissue/liquor samples. All harvest areas
were qualitatively compared for differences in DGGE banding
patterns and the numbers of dominant ribotypes detected. In
addition, the temporal effect on DGGE banding patterns was
compared for the Spinney Creek harvest area.
Similarity Comparison of Culture-Dependent and Culture-Independent
DGGE Proﬁles
DGGE gel patterns were determined for the DNA source
comparisons of the Spinney Creek and Bay Falls harvest areas.
Several dominant bacterial ribotypes, represented as dark
bands, could be identiﬁed in each treatment (Figs. 1 and 2). In
addition to the dominant bands, most samples produced higher
numbers of weak bands. These weaker bands were assumed to
represent the less dominant ribotypes. For the Spinney Creek
sample, there was little variation in banding patterns between
oysters for each community proﬁling technique (Fig. 1). DGGE
proﬁles were more similar within than between the 2 isolation
techniques. Although different banding patterns were apparent,
the same general results were observed for the Bay Falls sample
analysis (Fig. 2).
Based on the presence and absence of bands in each sample,
similarity coefﬁcients were determined for the DGGE proﬁles
generated using culture-dependent and -independent commu-
nity proﬁling techniques. For oysters harvested from Spinney
Creek, Sorensen’s similarity coefﬁcient (Cs) ranged from 0.75–
0.94 within culture-dependent proﬁles and 0.92–1.0 for culture-
independent proﬁles (Table 2). Similarity was low between
DNA isolation strategies for Spinney Creek (Cs ¼ 0.26–0.50).
Comparable results were observed for Bay Falls, which showed
low similarity between isolation strategies (Cs¼ 0.14–0.60). The
two proﬁling methods provide different, but complementary,
pictures of the bacterial community in the sampled oysters. In
general, more DGGE bands were observed from samples that
were cultured inMarine 2216 broth, suggesting ampliﬁcation of
ribotypes from low-density populations in culture. The culture-
independent samples were observed to have fewer bands overall
and generally lower optical densities from the densitometric
curves. The DGGE proﬁles indicate that oysters are populated
by several dominant ribotypes that colonize and share the tissue
surfaces with a greater number of low-density ribotypes.
Because the liquor was not excluded when processing the tissue
samples, it was not possible to determine which ribotypes
represented surface-attached bacteria and which resided within
the liquor itself.
Temporal Variation in Individual and Pooled Oysters
Temporal effects were studied for the Spinney Creek bacterial
community proﬁles. An increase in the number of bands or do-
minant ribotypes was observed over the 2 sampling times using
both culture-dependent and -independent isolation techniques in
the DGGE gel patterns. This change was observed for culture-
dependent samples as a low similarity between proﬁles for oysters
collected on the 2 sampling dates (60% of Cs <0.50). The 2-wk
period between samples coincided with an increase in water
temperature from 9–15C. In general, culture-dependent compos-
ite and individualDGGEbanding proﬁleswere similar (Cs> 0.50).
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For the culture-independent comparisons, the densitometric
curveof the gel trackwasused to estimate the number and relative
abundance of dominant bacterial ribotypes (Riemann et al. 1999,
McCaig et al. 2001, Rohwer et al. 2001, Boon et al. 2002,
Ramirez-Saad et al. 2003). The results of calculating average
diversity indices showed the individual May 13 patterns to have
the greatest diversity (H), variation of numbers of individual
patterns (E), and abundance of species (S) compared with the
other 2 pattern sets (Table 3). Signiﬁcant differences in the
number of bands (S) or relative diversity of bands (H) between
experimental groups were observed (P < 0.0001, Table 4). Using
normalized band intensity to estimate relative diversity (H), a
signiﬁcant difference in mean relative intensity of the bands was
also detected (P < 0.0001, Table 4). The observed changes in
relative abundance and diversity coincided with the increase in
water temperature during the 2-wk sample interval. Tukey’s post
hoc test demonstrated signiﬁcant increases in relative abundance
and diversity between individual oyster sample proﬁles taken
from April 27th and May 13th samples (Table 4).
Effect of Seawater Source on Oyster-Associated Ribotypes Using
Culture-Dependent Methods
More than 86% of bands were shared between the seawater
and corresponding oyster-associated bacterial community
DGGE proﬁles. Similarity was low (Cs ¼ 0.19–0.50), however,
between source water and oyster proﬁles, because the oyster
proﬁles produced a greater number of bands than the source
water samples (Table 5). Relatedness was higher within seawater
proﬁles (Cs ¼ 0.82–0.95) and oyster-associated bacterial proﬁles
(Cs ¼ 0.35–0.85) than between water and oyster proﬁles.
Cluster Analysis of Oyster Bacterial Community Proﬁles
Dendrograms for cluster analyses were generated for both
harvest areas. We expected aggregations of bands to be
generated that would divide bands into several dominant
ribotypes and those remaining, low-abundance fragments.
The cluster analysis groups DGGE bands together by intensity;
therefore, dominant high-intensity bands, midintensity, and
low-intensity bands would be grouped together to form a
hierarchical cluster. This grouping would minimize the within
cluster variation while maximizing differences between
clusters. Because we observed differences in similarity between
the culture-dependent and -independent techniques, we
expected the cluster analysis to create groups that represented
ribotypes that were either not observed in 1 technique or
increased or decreased in abundance between the 2 isolation
methods. In both harvest areas, bands were observed in the
culture-dependent technique that were not visualized in the
independent proﬁles, and vice versa. For example, a cluster of
6 bands (r3, r5, r8, r9, r10, and r13) observed in the culture-
independent analysis was not detected in the culture-dependent
analysis of Spinney Creek oysters (Fig. 3). Also, low-density (r6
and r12) and high-density (r12) ribotypes observed in the
culture-independent proﬁles did not appear in the cultured
proﬁles (Fig. 3). Similar observations were made for the Bay
Falls harvest area (Fig. 4). The relative abundance of dominant
ribotypes increased for the cultured proﬁles. Again, several
high-abundance bands (r5, r13, and r14) were visualized after
culturing (Fig. 4). In addition, high- (r12) and low- (r17)
abundance ribotypes from the tissue extractions did not appear
in the cultured proﬁles (Fig. 4).
DISCUSSION
The major ﬁndings were as follows: (1) Isolation techniques
provide different, but complementary pictures of the bacterial
community of the oyster; (2) bacterial community from oysters
from a particular site and time are very similar; (3) bacterial
community in the oyster is inﬂuenced by season and site; and (4)
bacterial communities of the oyster are different than the
community in seawater.
It is generally accepted that the majority of microbes are not
easily cultured using standard microbiological techniques, and
that culture-independent techniques would provide a more
complete picture of bacterial communities (Friedrich et al.
Figure 1. DGGE bacterial community proﬁles of Spinney Creek, ME, oysters using culture-dependent and -independent techniques (a), and
corresponding intensity of density peaks with band indicators.
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2000). The culture environment will preferentially bias the
growth and abundance of micro-organisms best suited to the
nutrient, temperature, and time given for incubation. As such,
one would expect only a few species to dominate the culture,
thereby producing a community proﬁle of the organisms that
were able to use the culture medium best (Don et al. 1991,
Furhman & Campbell 1998). We expected to see a substantial
difference in the numbers of species detected and relative
abundance between the culture-dependent and independent
isolation techniques. The cultured samples were expected to
produce lower diverse communities characterized by few high-
abundance species. As expected, the 2 isolation strategies
resulted in different banding proﬁles. In general, Sorensen’s
similarity coefﬁcient was low between culture-dependent and
culture-independent approaches, indicating unrelatedness
between the 2 approaches. Cluster analysis identiﬁed several
bands present in culture-dependent proﬁles that were not
observed in total DNA extractions, and vice versa. These results
indicate that several micro-organisms present in low numbers in
the oyster, below the detection limit using the total DNA
method, were able to use the enrichment broth and increase
to a detectable density. Several studies have documented similar
effects of the isolation method on the estimates of microbial
populations using DGGE (Santegoeds et al. 1996, Head et al.
1998, Bernard et al. 2000, Ercolini et al. 2001, Smit et al. 2001,
Miambi et al. 2003, Temmerman et al. 2003, Rantsiou et al.
2005). Several lactic acid bacteria were revealed from culture
that was not observed from direct DNA extractions of buffalo
cheese samples (Ercolini et al. 2001). Bernard et al. (2000) used a
variety of techniques to access the total, active, and culturable
marine bacteria in coastal seawater samples. When comparing
culturable results with those obtained from total DNA samples,
they concluded that an important source of genetic diversity
may bemissed if direct DNA extractions were solely considered.
By combining culture-dependent and -independent methodol-
ogies, a more complete picture of the diversity of marine
bacterial communities can be predicted (Ellis et al. 2003, Kisand
& Wikner 2003).
The previously observed increase in the diversity of microor-
ganisms detected by analysis of samples using culture-independent
Figure 2. DGGE bacterial community proﬁles of Bay Falls, M.E. oysters using culture-dependent and –independent techniques (a); and corresponding
intensity of density peaks with band indicators.
TABLE 2.
Sorensen’s similarity coefﬁcient of DGGE proﬁles of the bacterial community associated with oysters from Spinney Creek and
isolated using culture-dependent (lanes 1–5) and culture-independent (lanes 6–10) methods.
Culture Type Lanes Compared
Culture Dependent Culture Independent
1 2 3 4 5 6 7 8 9 10
1 1.00
2 0.94 1.00
Culture dependent 3 0.84 0.88 1.00
4 0.88 0.82 0.95 1.00
5 0.82 0.75 0.88 0.94 1.00
6 0.50 0.40 0.47 0.37 0.40 1.00
7 0.50 0.40 0.47 0.37 0.40 1.00 1.00
Culture independent 8 0.50 0.40 0.47 0.37 0.40 1.00 1.00 1.00
9 0.50 0.40 0.47 0.37 0.40 1.00 1.00 1.00 1.00
10 0.40 0.28 0.42 0.26 0.28 0.92 0.92 0.92 0.92 1.00
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techniques when compared with culture-dependent techniques
(Don et al. 1991, Furhman & Campbell 1998, Friedrich et al.
2000) was not observed in this analysis of the bacterial
community of the oyster. On the contrary, a greater relative
diversity of ribotypes was detected using culture-dependent
isolation techniques in this study. Furthermore, about 50% of
the bands were shared between the proﬁles obtained using the
2 isolation techniques. These results may be largely a product
of method biases associated with the DNA extraction technique
used, the PCR process, and the DGGE method itself. Over-
ampliﬁcation of speciﬁc rRNA fragments or those bacterial
DNA fragments with the highest number of 16S rDNA loci
results in overrepresentation of the most abundant species in a
sample and loss of underrepresented species (Rohwer et al.
2001, Rantsiou et al. 2005). The relative similarity in the
diversity and composition of bacterial communities observed
using culture-dependent and -independent techniques in this
study may be the result of the unique environment of the exter-
nal and internal surfaces of the oyster, which supply a nutrient-
rich microenvironment not unlike an enrichment broth. These
microenvironments allow proliferation of the majority of
bacterial species that specialize in these environments, thus
inhibiting many of the transient bacterial species inadvertently
ingested during respiratory and feeding mechanisms.
Temporal changes in DGGE proﬁles were observed regard-
less of isolation technique. The increase in bands over the sample
interval coincided with temperatures exceeding 10C. Staroscik
& Smith (2004) documented a seasonal increase in bacterial
abundance in Narragansett Bay, RI, which corresponded with
the spring increase in seawater temperature above 10C. For our
analysis, this increase in bands means that the relative abun-
dance of those ribotypes increased over the time period, not
necessarily that total bacterial abundance increased. The
increase in bands may indicate either the presence of additional
bacteria in the water column or that the oyster-associated
TABLE 3.
Mean and summary statistics of relative species diversity (H), evenness (E), and abundance (S) estimates from analysis of the DGGE
banding proﬁles of individual and composite oyster samples from Spinney Creek isolated using culture-independent proﬁles (Figs. 1–2).
Index Group Mean Standard Deviation Standard Error n
Species diversity index (H) Composite April 27 1.70 0.11 0.05 5.00
Individual May 13 2.38 0.15 0.06 5.00
Individual April 27 1.94 0.04 0.02 5.00
Evenness index (E) Composite April 27 0.91 0.03 0.01 5.00
Individual May 13 0.91 0.02 0.01 5.00
Individual April 27 0.96 0.02 0.01 5.00
Species abundance (S) Composite April 27 6.40 0.55 0.24 5.00
Individual May 13 14.00 1.87 0.84 5.00
Individual April 27 7.60 0.55 0.24 5.00
TABLE 4.
Analysis of variance and Tukey’s post hoc test results of
Shannon’s diversity index comparisons made from Spinney
Creek individual and composite culture-independent proﬁles
(Figs. 1–2).
Analyses of Variance
Y Variable Source df F P
Species diversity
index (H)
Model 2 53.48 0.00
Error 12
Total 14
Evenness index (E) Model 2 8.50 0.01
Error 12
Total 14
Species abundance (S) Model 2 61.07 0.00
Error 12
Post Hoc Tests for Factor$ Sample Source
Y Variable Group 1 Group 2 P
Species diversity
index (H)
Composite April 27 Individual May 13 0.00
Composite April 27 Individual April 27 0.01
Individual May 13 Individual April 27 0.00
Evenness
index (E)
Composite April 27 Individual May 13 0.79
Composite April 27 Individual April 27 0.02
Individual May 13 Individual April 27 0.01
Species
abundance (S)
Composite April 27 Individual May 13 0.00
Composite April 27 Individual April 27 0.27
Individual May 13 Individual April 27 0.00
TABLE 5.
Sorensen’s similarity coefﬁcient of culture-dependent Bay Falls





1 2 3 4 5 6 7 8
1 1.00
Seawater 2 0.95 1.00
3 0.82 0.87 1.00
4 0.20 0.19 0.27 1.00
5 0.43 0.50 0.40 0.61 1.00
Oyster 6 0.35 0.42 0.40 0.70 0.85 1.00
7 0.20 0.19 0.36 0.40 0.35 0.35 1.00
8 0.35 0.42 0.48 0.44 0.54 0.62 0.70 1.00
Lanes 1–3 are culture-dependent seawater proﬁles and lanes 4–8 are
culture-dependent Bay Falls oyster-associated proﬁles.
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bacteria were more abundant with the increase in temperature.
This increase in abundance would translate into successful PCR
ampliﬁcation and DGGE gel visualization, leading to more
uniform community proﬁles. The observed increase in bands
may also correspond with spring bloom increases in primary
production and bacterial biomass.
Oyster-associated DGGE proﬁles produced greater numbers
of bands than the seawater proﬁles, and the Sorensen similarity
coefﬁcient was low (Cs < 0.50), both indicating that the abun-
dance of dominant ribotypes was greater in the oyster than in the
seawater. Similar studies have resulted in the same conclusions.
For example, a comparative study on the composition and
seasonal ﬂuctuations of main bacterial groups isolated from
Mediterranean oysters and their growing seawater indicated a
profound difference in both the dominant species and diversity of
bacteria (Pujalte et al. 1999). Seawater samples had lower relative
diversity and did not show an apparent seasonality in the
distribution of species. Several additional studies have concluded
that bivalve samples yield higher numbers and higher diversity of
heterotrophic bacteria than seawater samples (Lovelace et al.
1968, Prieur et al. 1990, Pujalte et al. 1999). However, some
similarities were observed between bacterial communities in the
oyster and in the seawater. Although marine bacteria are usually
present in low abundance in the low-nutrient concentrations
found in the oceans (Kisand & Wikner 2003), bacteria can elicit
strategies that improve their likelihood of survival and opportu-
nities to increase in abundance. For example, marine bacteria
will attach to detritus particles and grow well under localized
conditions that are relatively nutrient rich (Atlas & Bartha 1993).
The bioﬁlms associated with oyster reefs are an example of a
localized nutrient-rich habitat. Pronounced differences between
the bacterial communities associatedwith oyster reef and nonreef
habitats have been documented. Oyster reef bioﬁlm communities
have been observed to possess greater species richness and
evenness than estimates from muddy sand bottoms (Nocker
et al. 2004). These high-density microniches certainly expose
ﬁlter feeding bivalves, such as the oyster, to greater concen-
trations of a variety of micro-organisms that may not otherwise
be encountered in seawater.
Several biases have been associated with the use of DGGE in
the analysis of bacterial communities. However, the introduced
biases can be assumed to affect samples equally, if the samples
have a common source and are similarly treated (Ramirez-Saad
et al. 2003). For this experiment, all oysters were sampled from
the same harvest area at the same time and treated similarly.
Given that these biases have been shown to correspond
positively with relative abundance of the observed species from
a sample (Rohwer et al. 2001, Boon et al. 2002), it was assumed
that the generated proﬁles represented the dominant ribotypes
associated with the oyster for a speciﬁc harvest area. In DGGE,
the number of different bands or peaks on the densitometric
curve serve as a proxy for diversity, because the different
ribosome types or ribotypes are considered unique to a group
Figure 3. Cluster analysis of DGGE banding patterns from oysters
collected in Spinney Creek. r Values correspond to Figure 1B.
Figure 4. Cluster analysis of DGGE banding patterns from oysters
collected in Bay Falls. r Values correspond to Figure 2B.
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of organisms (Crosby & Criddle 2003). However, it has been
noted that a single band may not always represent a single
bacterial strain or ribotype (Sekiguchi et al. 2001). Two major
sources of error that have been identiﬁed for DGGE are
heterologous rRNA operons (McCartney 2002) from the same
organism and poor detection sensitivity of rare organisms. It
has been estimated that DGGE proﬁles may represent as low as
90% of the bacterial community of a sample (Zoetendal et al.
1998). Crosby and Criddle (2003) demonstrated that the
number of rRNA operons has an effect on community analysis
techniques based on 16S rRNA genes. In this case, multiple
bands may be detected for a single ribotype or organism.
In summary, the image of the oyster bacterial community
provided by DGGE most likely relates more to population
structure—that is, to the relative abundance of the main
bacterial populations—than to its total richness. In addition,
by combining culture-dependent and -independent methodolo-
gies, a more complete picture of the diversity of marine bacterial
communities can be predicted (Ellis et al. 2003; Kisand &
Wikner, 2003).
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